Considerations of the relationships between magma crystallinities, bulk SiO2, and preeruptive melt H20 contents show that the higher the melt H20 content is the higher the maximum crystallinity that a given magma will be while still being potentially erupted. An empirical correlation is proposed that enables us to estimate preeruptive melt H:O contents of erupted magmas by knowing their crystallinity and bulk SiO:.
, suggesting that fractionation was limited during ascent and hence that magma composition at its emplacement level (where the magma chamber was built) was close to that produced in the partial melting zone. In other words, these magrnas were emplaced in a nearly entirely molten state in upper crustal chambers, where crystallization occurred. The most important aspect of the experimental work is that it has confirmed the water-rich nature (3-7 wt % H2Oln m•lt) of the magrnas parental to these plutonic rocks. These studies thus represent the best opportunity to quantify the viscosity of granites during at least two major steps of their evolution, ascent, emplacement, and crystallization.
For volcanic rocks we restrict our analysis to rocks whose preeruption conditions have been determined either from phase equilibrium experiments (Mount St. Helens dacite, Fish 
where l]magma and limeIt are the viscosities of the magma and the melt, respectively, f is the volume fraction of crystal, and fm is the concentration of crystals beyond which the magma has an "infinite" viscosity. 
where l]magma stands for the viscosity of melt+bubbles and f is the volume fraction of bubbles. Equation (5) shows that under the storage conditions of silicic magmas, high strain rates will rise by a factor of 2 the magma viscosity. Altogether, these considerations suggest that as far as preeruption conditions are considered, bubbles play a minor role in magma rheology when compared, for example, to that played by variations in crystal contents of erupted magmas (0-60%) or to the viscosity variations arising from changes in melt H,_O contents. Accordingly, unless otherwise stated, magma viscosities reported here do not take into account the role of bubbles. In view of the above calculations and considering the possible range of fluid content found in natural magrnas (see above), the melt viscosities reported in this work can therefore be considered to be accurate to within a factor of 3.
Melt and Magma Viscosities Before Uprise
The calculated melt and magma viscosities of the rocks used in this study, together with the main compositional features necessary for the calculations, are listed in Table 1 by the E1 Chich6n magma, whose crystal content is close to that at which the magma reaches the solid behavior field. The calculated magma viscosity is more than 1 order of magnitude higher relative to other mugmad and, at such high crystal content, mugmad can be anticipated to also have a significant yield strength [Pinkerton and Stevenson, 1992] . Nevertheless, this magma has been erupted, and the eruption was of Plinian type. Interestingly, the restored preeruption fluid content of this magma ranges between 8 and 26 wt %, depending on the CO2-SO2 ratio used ], which implies that the volume fraction of the fluid was • 20-50% of the scavenged part of the magma chamber. Considering the role of bubbles on magma theology as summarized above, we tentatively suggest that the eruption of E1 Chich6n magma was made possible, or at least greatly facilitated, by the large volume of the fluid phase. Specifically, the experimental results of Bagdassarov et al.
[1994] on the effect of bubbles predict that the viscosity of E1 Chich6n magma is only marginally different from that of the melt phase alone, falling well within the range displayed by the other mugmad (Table 1) . Finally, though in some instances a relation between eruption intensity and magma viscosity has been clearly established (Mount St. Helens) [Gardner et al., 1995a] , no correlation between magma viscosity and eruption volume, or any other parameter, was found.
Inferring Preeruptive Melt H20 Contents From Crystallinity
The relationship between crystallinity and bulk SiO2 (Figure 3) is qualitatively similar to that obtained by Marsh (Pine Grove). Thus we confirm the prediction of Marsh that water increases the critical crystallinity at a given SiO2 content. In other words, mugmad rich in water can be erupted at a higher crystallinity than those poor in H20. As proposed by Marsh, the relationship between bulk SiO2 content and magma crystallinity can be used in a quantitative way to infer preeruptive melt H20 contents. A generalization of his model has been attempted with our data set and is shown in Figure  3b analyzed by Dunbar and Hervig [1992b] could not be used in the present study, but some of the samples would plot in the same area as the Mono lobe. Although, as illustrated by E1 Chich6n, a high amount of fluid could explain the off position of these high-silica rhyolites, the restored fluid content of the Mono unit is not abnormally high (<5 wt %) [Wallace et al., 1995] . This lack of correlation may thus reflect a specific characteristic of the large-magnitude volcanic events that gives rise to ignimbrite deposits, with eruptive dynamics fundamentally different from those of smaller eruptions. It is possible that the locking point rule does not hold for certain eruptions of particularly large magnitude. However, not all ignimbrites plot out off the trends, as exemplified by the Fish Canyon Tuff, one of the largest known ignimbrite deposits that fits well with other eruptive events. Clearly, future work will improve the quality of the fit between crystallinity, bulk SiO2, and melt H20 content, but we stress that such a diagram (Figure 3 ) is useful for a first-order estimation of preeruptive melt H20 contents of erupted magmas, especially those ejected during eruptions of small to moderate magnitude.
Dikes, Diapirs, and Emplacement Levels
The rather low viscosities found in this study are consistent with the recent proposal that felsic magma migration occurs through dikes rather than via diapirs [Whitney, 1988 ]. Yet they all lie on the same viscosity-temperature trend, which indicates that the nature of the melting reaction has little influence on melt segregation and separation from its source region. In the same way, the extent of melting, which may vary depending on the nature and abundance of the hydrous phase breaking down (from 10 to 50%), appears not to be the critical factor triggering upward melt migration. The experimental data on plutonic rocks imply that granitic melts should be nearly This outlines the dramatic importance that the fluid phase may have on magma density. The large uncertainties that still surround this last factor make the results of density calculations for magmas highly model-dependent, and for these reasons such calculations were not attempted in this study.
Concluding Statements
One of the striking features of this study is that silicic magmas display not only an upper limit in viscosity but also a lower one. Although the former limit is understandable from a rheological point of view (i.e., the magma becomes too viscous to flow), the reasons for the latter are less obvious. However, silicic magmas with a viscosity lower than 104 Pa s are apparently not produced. This compilation illustrates that besides their anhydrous composition, two main variables can lower the viscosity of silicic magmas, temperature and volatile contents. However, as discussed below, neither temperature 27,264 SCA1LLET ET AL.: VISCOSITY OF SILICIC MAGMAS, 1 nor the volatile content can be expected to vary so as to decrease the viscosity of silicic magmas beyond the lower viscosity threshold displayed in Figure 1 . In order to decrease significantly the viscosity of silicic magmas, temperatures largely in excess of 1000øC would be required (Figure 2) . Nevertheless, at least for modern geological periods (i.e., postArchaean), the geothermal regime of the continental crust prevents such high temperatures from being reached, even in thinned continental crust. Ponding of hot mafic magmas at the base of the crust can induce partial melting, but thermal modeling indicates that the temperature of silicic magmas generated in this way hardly exceeds 950øC [Huppert and Sparks, 1988] . In addition, the produced melts, although hot, will also be dry owing to the low H20 content of most high- An increase in the water content of the melt to decrease its viscosity is the other possibility to obtain a melt viscosity significantly lower than 104 Pa s. However, owing to the range of pressures at which most extrusive magrnas are stored (200-300 MPa), the maximum water solubility of a rhyolitic melt will be in the range 6-7 wt %, and the corresponding melt viscosity will be again in the range 104-105 Pa s, depending on temperature. Clearly, a silicic melt at 1000øC and with 7 wt % H20 will have a very low viscosity but, again, there are no known geological mechanisms able to produce such conditions, in keeping with the strong inverse correlation of Figure 1 that demonstrates that H20 and temperature are not independent parameters in magmas. Another parameter to be considered is the presence of volatiles other than H20 that have a lowering effect upon viscosity (B or F). However, despite the fact that these elements have an additive effect on viscosity (F and H20 ) [Baker and Vailtancourt, 1995] , the available evidence (Macusani and Spor Mountain) shows that there is an inverse correlation between the abundance of water and that of other fluxing elements, so that the net effect on viscosity is not expected to be large. A possible major exception to this rule is provided by strongly peralkaline rhyolites whose water solubility can be noticeably higher than 6-7 wt % at 200-300 MPa, as shown experimentally [e.g., Linnen et al., 1996; Dingwell et al., 1997], with corresponding low viscosities [Dingwell et al., 1998 ]. Such magmas may well display viscosities lower than 104 Pa s before eruption. Thus, apart maybe from peralkaline magmas, the above lines of evidence suggest that whatever is the mechanism that produces a silicic melt, the magma most inevitably ends in a quite narrow viscosity window, which is defined both by the strong control that pressure exerts on volatile solubilities in silicate melts and by the thermal limitations required to produce acid magmas.
Considering the strain rates in silicic magma chambers, it is expected that the magma rheology falls in the Newtonian domain. In general, the available evidence suggest that the role of bubbles on magma rheology can be neglected, but examples like the E1 Chich6n magma show that the fluid phase may be an important rheological factor. In this respect, we note that magmas with restored high fluid contents are also those with high crystal contents, which intuitively makes sense, since the amount of fluid must come in part from the crystallization of anhydrous minerals. However, the mechanisms at work in arc magmas are much more complicated than those arising from a simple closed crystallization mechanism. Processes like mixing with mafic magmas can seriously complicate this scenario. This parameter needs to be specifically addressed for each single volcanic event, and we encourage that such type of studies be carried out in the future. Important and immediate applications of such data would be to accurately estimate magma densities. For plutonic rocks there are no, as yet, methods to estimate the potential importance of fluids at the magmatic stage, though some were clearly rich in water at early stages of their evolution [Scaillet et al., 1995] . The diking mode of magma ascent implies high ascent rates and, in turn, high strain rates. Under these conditions, as with eruptive phenomena, bubbles will increase magma viscosity. However, if we take the comparison done in this work at face value, there are no reasons to believe that plutonic magmas display higher fluid contents than their volcanic counterparts. Instead, the current consensus is that crustally derived granitic magmas are generated, and most probably evolved, under fluid-absent conditions [i.e., Clemens and Vielzeuf, 1987].
